Three experiments on the haptic perception of partial-rod lengths are reported. The rods were gripped between the two ends and held horizontal. The subjects held the rods stationary; the distribution of mass of the segment in front of the hand was fixed, while the distribution of mass of the segment behind the hand was varied. Perceived forward length was found to be significantly affected by the distribution of mass of the backward segment. Similar results were obtained when the rods were wielded. The results indicated that partial-rod lengths are specified by functions of mechanical perturbations acting on the hand, and not by the breaking up of the first moment of mass or the moment of inertia of the rod by attention as suggested previously by others. The results are also discussed with respect to invariant detection and attention.
It has been found that by holding or wielding a homogeneous rod gripped at one end, the length of the whole rod can be perceived without looking at it. When the rod, gripped at one end, is held stationary and horizontal, the perceived length of the whole rod depends on the rod's first moment of mass (the distribution of mass of the rod about a vertical axis through the wrist, hereafter called the first moment; see Appendix) (Hoisington, 1920) . If the rod is wielded, the perceived length of the whole rod depends on another property of the rod, called the moment ofinertia (inertia to rotation; also called the second moment, see Appendix) (Solomon & Turvey, 1988) .
A new question arises if we consider gripping the rod between the two ends. Could the segments forward and backward from the hand be perceived separately by means of attention? Burton and Turvey (1991) claimed that when a rod is gripped between its two ends and held stationary, the partial lengths of the rod forward and backward from the hand can be perceived accurately by attentionally splitting the first moment of the whole rod into two parts: forward and backward. Similarly, Solomon, Turvey, and Burton (1989) argued that when a rod is gripped between its two ends and wielded, partial lengths can be perceived accurately by attentionally splitting the moment of inertia of the whole rod. However, if the mechanical perturbation produced in holding or wielding a rod is examined, this argument of splitting either the first moment or the moment of inertia does not hold up.
Mechanical Perturbation
According to Gibson (1979) , in order to understand visual perception one has first to know the properties of light so that the structure in the optical array can be revealed. Likewise, in order to understand haptic perception, one has to begin with the mechanical perturbations that set up the haptic array.
In holding a rod stationary, the weight of the rod, W, which is proportional to its mass, m, acts downward. The mass is a property of the rod, whereas the weight is a mechanical perturbation that produces tissue deformation (W = mg, where g is the acceleration due to gravity).l Unless the rod is held at its center of mass, a turning tendency called static torque (Ns; see Appendix), produced by the weight of the rod around the wrist, is also experienced (Ns = rxmg, where r is the perpendicular distance from the center of mass of the rod to the vertical axis through the wrist as shown in Figure 1 , and x is a vector cross product ). Conversely, static torque equals the first moment (M = mr) of the rod multiplied by the acceleration due to gravity (Ns = Mxg). The first moment is a measure of the distribution of the mass of the rod about the vertical axis through the point where it is pivoted. It is a property of the rod (Burton & Turvey, 1991) . As is shown in Figure 1 , to keep the rod stationary, the hand has to balance W with an upward thrust, -N, and N s with a counterclockwise torque, -R.
In addition to overcoming the weight, W, and static torque, N s , stated above, to rotate a rod with an angular acceleration w(rad/sec 2 ; there are 271' " radians in a circle), the hand has also to overcome an inertial torque, -Ni (see Appendix), produced by the rod on the hand. This inertial torque on the driving hand is always in a direction opposite to that of acceleration ( Figure 2 ). If rotation is limited on the plane of the paper, the inertial torque equals the moment of inertia, I, of the rod multiplied by the angular acceleration, w; (Ni = Iw) . By Free body diagram of a rod held stationary. 0 is the wrist serving as the pivot point, C is the center of mass of the rod, W is the force exerted by the mass, -F is the reactive force to W, N, is the static torque of the rod, and -R is the reaction to N,. For N, and -R, the directions indicate the sense of rotation, and are a schematic representation of torques into and out of the paper through O.
Figure 2. Static and inertial torques acting on the hand in wielding a rod in a clockwise direction. 0 is the wrist serving as the pivot point, -F is the reactive force to W, wis the acceleration of rotation, -Ni is the inertial torque, and N, is the static torque. The muscular torque required to rotate the rod is (Ni -N,). H rotation is ' in a counterclockwise direction, the muscular torque required to rotate the rod is -(Ni + N,). The directions indicate the sense of rotation for torques perpendicular to the paper through O. equation for angular motions to that of the translational motions (force = ma, where m is mass and a is acceleration), moment of inertia can be understood as the rotational mass. Just as mass is the inertia for translation, so moment of inertia is the inertia for rotation. It is a property of the rod, whereas inertial torque and angular acceleration are mechanical perturbations. To rotate a rod with an angular acceleration, the muscle is sensitive to the inertial torque. Joints, however, are sensitive to angular displacement, angular velocity, and angular acceleration. In the wielding of a rod, both inertial torque and angular acceleration vary. The greater the angular acceleration is, the larger the initial torque will be. Yet the ratio Nilwis a constant corresponding to the moment of inertia.
The mass, the first moment, and the moment of inertia of a rod can each be regarded as the algebraic sum of their elementary components. The mass of a rod, m, is the sum of its elementary masses (m = !:mi). For an elementary mass mj at a perpendicular distance rj from a reference axis, its first moment is mjrj; the first moment of the rod is their algebraic sum (mr = !:mjrj). Similarly, in rotating a rod, the moment of inertia of each elementary mass m; with a distance rj from the point of rotation is m;r/; the moment of inertia of the rod is their algebraic sum (l = !:m;r;2).
The weight, the static torque, the inertial torque, and the angular acceleration are mechanical perturbations. Although they are produced in relation to the mass, the first moment, and the moment of inertia that are the properties of the rod, it is the various mechanical perturbations in combination that set up the haptic array.
The Impossibility of Attentionally Splitting the Mass Distribution Burton and Turvey (1991) claimed that when a rod is held stationary at a position between the two ends, the perceived whole length is specified by the first moment of the whole rod pivoted at the wrist. The perceived partiallength of the rod in front of the hand, however, depends only on the first moment of the forward segment ofthe rod. Their main assertion is that, for detection, the first moment of the forward segment can be split apart from that of the rest of the rod through attention. To support such an attentional split of the first moment of a rod, they showed that, so long as the distribution of mass of the forward segment stayed the same, the perceived forward length remained the same irrespective of attaching a mass to different locations on the backward segment. Similar results and arguments were offered by Solomon et al. (1989) , who claimed that, in the wielding of a rod, the lengths of different segments were specified by the corresponding moments of inertia of rod lengths detected through selective attention.
Although supporting data were produced, such claims appear to be contradictory to the basic principles of mechanics. The resultant of any combination of forces acting on a rigid body at any point consists of one translational force and one rotational force only (Goldstein, 1980) . It is impossible to split up either of these resultant forces into its constituent elements, for this would require an inverse operation of the algebraic summation of an uncountable number of forces, resulting in a solution with an infinite number of possibilities. It is true that in vector notation, a force can be decomposed into its components along the coordinate axes. This, however, is not the same as the inverse operation of the algebraic summation of forces, which is indeterminate. The perception or judgment of the whole or partial length has to depend only on the resultant weight, the resultant static torque, and the resultant inertial torque. In terms of the properties of the rod, the forward length can only be perceived with respect to the first moment or the moment of inertia of the whole rod. Burton and Turvey (1991) were aware of the problem of this inverse operation but suggested that force struc-tures such as the gradient at the holding hand may give additional information for such partition. Yet partial perception of rod length through the detection of the force gradient acting on the hand would not be the same as splitting the first moment by attention. In view of the contradictions with the principles of mechanics posed by a split of the first moment or the moment of inertia through attention in both holding and wielding conditions, it is necessary to produce alternative explanations for the perception of partial-rod length. 
Perceived forward length = k (perceived whole length, Q'), or, more precisely, Perceived forward length = Perceived whole length /Q'. How can Q' be perceived? With a single rod held at different locations, the shorter the forward length is in relation to the whole length, the smaller will be the static torque, N s , but the greater will be the objective length ratio, Q. Perceived length ratio, Q', should therefore be inversely proportional to static torque. Yet when Q' is defmed by static torque alone, it is impossible even to differentiate the Q of a loo-em rod held horizontally at 70 cm of its length (r = 20 cm) from that of a 2oo-cm rod of equal density held horizontally at 110 cm (r = 10 cm).
Because the weight of the 2oo-cm rod doubles that of the loo-cm rod, the static torque (N s = rxW) is the same for both rods. Yet the Qs are different. To solve this problem, it is speculated that Q' can be specified by forces at more than one point on the hand. Hoisington (1920) claimed that in holding a rod horizontal, there is a downward pressure on the index finger (the second phalanx) and an upward thrust (which he called "kick") on the heel of the hand. The reactions on the index finger and the heel of the hand are shown as U and D on the rod in Figure 3 . This is the case when the rod is held at the rear end. When the rod is held at the front end, U and D switch locations on the hand. When the rod is held stationary, according to statics laws, the sum of vertical or horizontal forces should be zero. The sum of N s at any point should also be zero.
Formulation of Alternative Hypotheses
To explore an alternative explanation of the perception of partial-rod length, let us identify the equations in the perception of both the whole and the partial lengths.
When a rod is held stationary. When one holds a rod at any position other than the center of mass, the static torque, N s , and the weight of the rod, W, are the only mechanical perturbations that produce tissue deformation. Carello, Fitzpatrick, Domaniewicz, Chan, and Turvey (1992) found that, with rods gripped at the end and held stationary at different inclinations, perceived length correlated with the magnitude of the static torque. Because the magnitude of the static torque does not involve direction, it can be represented as the absolute value INsl. On the other hand, in the study by Burton and Turvey (1990) , where the rod was held at the center of mass (the first moment goes to zero at this point), the subjects judged the length on the basis of the rod's weight. Any account of rod length would have to deal with the continuum of possible positions extending between these two. Perceived whole length of a rod should thus be expressed as a function of the magnitude of static torque, INsl, and the weight of the rod, W.
Perceived whole length = f (INs I, W).
(1)
Regarding the perception of a forward length of a rod held stationary, two speculations may be made. First, of the two perturbations at the wrist, N s and W, only N s covaries with the forward length. N s is different from INsl in that it has direction. W does not covary with the forward length. An increase in the forward or backward length also increases weight. Thus, weight may be considered as a residual factor, e, in perceiving forward length.
Perceived forward length
(2) Second, it is hypothesized that the forward length is not perceived independently of the whole length. The location of the grip as the ratio of whole length to forward length can be perceived. For example, if the rod is perceived to be gripped at the middle, perceived whole length is twice as long as perceived forward length, and the perceived length ratio of whole to forward length is 2. Once the ratio is perceived, whole length can be translated to forward length. Let us call the objective length ratio Q and the perceived length ratio Q'.
EXPERIMENT 1 Perceived Forward Length is Affected by the Distribution of Mass of the Whole Rod
In the study by Burton and Turvey (1991) with rods of three different lengths and two gripping positions (at and YJ of the length from the forward end), perceived forward lengths were compared between conditions when no mass was added and when a large mass was attached to the backward length of the rod. No difference in the perceived forward lengths was found between the two conditions. Thus it was argued that perceived forward length does not depend on the distribution of mass of the backward length. However, it is possible that, in those experiments, the effect of the distribution of mass of the backward length on the perceived forward length may have been masked by the more obvious effects of mass difference and gripping-position difference between trials.
In this experiment, a different setup was used. Instead of having three independent variables affecting perceived forward length, only one was used. Instead of simulating the change in rod length by using an attached mass to alter Because a is fixed (length ofthe palm), the ratio ofUID depends on b. The ratio UID therefore specifies how close the grip is to the midpoint of the rod. Though this ratio is not useful in the percption of the length of the whole rod (Carello et al., 1992) , it has a clear relationship with the location of the grip. Thus, Q' may be defined both by Ns and by the ratio UfD.
When a rod is wielded. When a rod is rotated, the static torque is still present. The muscle torque required to rotate the rod equals the sum of the static and the inertial torques. With respect to Figure 2 , the static torque, N s , produced by the weight always acts in an anticlockwise direction. The inertial torque, Ni, produced by rotation, however, depends on the direction of angular acceleration. With a counterclockwise acceleration, -Ni is clockwise and the muscular torque required to rotate the rod is (Ni -Ns). With a clockwise acceleration, Ni is counterclockwise and the muscular torque required to rotate the rod is -(Ni + N s ). Thus, in rotating a rod, the static torque may still be detected to specify partial lengths. The moment of inertia, however, is not sensitive to whether the forward or the backward length is longer.
If the preceding interpretation is indeed correct, then, whether the rod is held stationary or wielded, the perceived forward length should be affected by the static torque produced by the whole rod.
CHAN
If the sum of vertical forces equals zero,
If the sum of static torque at A equals zero,
From (4) and (5), we have
(5)
the distribution of mass of the backward length, the backward length itself was actually varied, with six rods of different lengths used. With the forward length kept constant at 35 cm, only the backward lengths were varied among the six rods. When the backward segment was the shortest, the static torque was the largest. As the backward segment was increased, perceived forward length was expected to be reduced. Although there was only one independent variable in this experiment, static torque and weight both changed with different rods. Such variation is similar to that in the study of Burton and Turvey (1991) ; the difference lies only in the source of the variation.
Method
Subjects. Ten undergraduates in an introductory psychology course at the Chinese University of Hong Kong participated in partial fulfillment of a course requirement.
Apparatus. Six hollow, homogeneous, thin steel rods (1 cm diarn) of 40, 50, 60, 70, 80 , and 90 cm with respective masses of34. 81, 43.4, 51.35, 58.8, 67.8, and 76 .3 g were used. All rods were grasped at 35 cm from the front end. Two wooden boards (1.5 m square) with a slit of 20 cm in between were used as screens to occlude the hand and the grasped rods. An armrest 0.8 m high was placed at the back of the slit. A piece of black cloth covered the top part of the slit (Figure 4 ). For subjects reporting length, a sliding red marker connected with a string was mounted on a board. By pulling the string up or down at the starting edge of the board, one could move the red marker along a meter rule fixed at the top of the board. The perceived length of a rod could then be translated to the distance of the marker from the starting edge. This length measurer was placed along the occluding board in front of the subject.
Procedure. The subjects positioned their right arm on the armrest, with their right hand behind the screens. Rods were placed by the experimenter into their right hand and were always gripped by the subjects at a location 35 cm from the front end. The subjects gripped the rods firmly, with the thumb positioned over the index finger (see Figure 3 ). This grip ensured that the subjects could not move the rod with the thumb independently of the wrist motion, so that the wrist would act as the pivot point of the rod-hand system. The subjects were told to hold the rod still, and that any slight movement would ruin the experiment. The experimenter held onto the rod until the subjects kept it horizontal and showed no downward tilting tendency. This precaution was particularly necessary when the rods were longer and heavier, although the use of light rods had already reduced the problem substantially. In each trial, the subjects moved the red marker away from themselves with their left hand to indicate the perceived forward length of the rod held in their right hand. They were encouraged to take as much time as was necessary for them to perceive the rod length accurately. At the end of each trial, the rod was taken away and the subjects moved the red marker back to the starting edge.
Before the experimental trials, the subjects were given several practice trials with a rod that was not used in the experiment. Special precautions were taken to check that the subjects did hold the rod still, but slight trembling was disregarded. It was found that the instruction to hold the rod still, together with the use of an armrest, was sufficient to halt all movement.
In the experiment, the six rods were presented randomly in each block of trials. There were eight blocks of 6 trials, with a total of 48 trials. There were two types of reports: forward length, and perceived length ratio, Q'. Half of the subjects reported forward length in the middle four blocks of trials and Q' in the other blocks. ing length ratios, the subjects judged the whole length as so many times as long as the forward length.
Design and Prediction. There was only one independent variable (rod length), with six levels. The perceived forward length and the perceived length ratio, Q', were measured.
The claim that the perceived forward length is affected by the distribution of mass of the whole rod will be verified if the same forward length is perceived to be different when the backward length is varied. A stronger claim can be made by showing that the perceived forward length is affected by N s (Equation 2). To show that Q' is actually perceived and is inversely proportional to Ns, a significant correlation between Q' and Ns is needed.
Results and Discussion
The means of the perceived forward length and of Q' are listed in Table 1 . An analysis of variance (ANOVA) showed that the effect of rod length was significant [F(5,45) = 20.3, p < .0001]. A post hoc test (Tukey) showed that the perceived forward length changed when the backward length was varied between 5, 35, and 55 cm (p = .01). The results showed that the perceived forward length varied although the actual forward length was fixed. The perceived forward length is therefore not a measure of the first moment of the forward portion of a rod. Estimates fell as backward length increased. When the perceived forward length was regressed on the static torque, a significant linear relationship was found; the static torque accounted for 98 % of the variance, indicating that the perceived forward length is a function of the static torque of the whole rod ( Figure 5 ). When Q' was regressed on N s , a significant linear relationship was found which accounted for 97% of the variance, showing that Q' can be determined from the static torque, N s ( Figure 6 ).2 Thus, in this experiment, the results indicated clearly that the forward length was not perceived independently of the distribution of mass of the backward length; rather, its perception is closely related to the static torque, N s , and the perceived length ratio, Q'.
That the perceived whole length is affected by the magnitude of static torque, INsl, and the weight, W, can be observed from the calculated perceived whole length in Table 1 . When backward length was increased from 5 to 35 cm, while INsl was reduced and W was increased, there was a slight but significant increase in perceived whole length. A reduction of INsl should lead to a decrease in perceived whole length. The slight increase in the results can only be attributed to the increase of weight. With backward length increased from 35 to 45 cm, there was an abrupt increase in perceived whole length as a result of increase of both INsl and W. Apparatus. A thin, hollow steel rod 110 cm long (1 cm diam, 115.4 g in mass) was held in the middle. A metal cylinder (89.1 g in mass) was attached to the forward length 23 cm from the midpoint to produce a counterclockwise static torque. A metal disk (61.3 g in mass) was attached at 10, 15, 20, 25, 30, 35, 40, 45, 50 , or 55 cm back from the midpoint to counteract the static torque produced by the metal cylinder. As the metal disk was shifted from 10 cm toward 55 cm, the resultant static torque reduced in magnitude and then changed direction. The occluding screen and the length measurer were the same as in Experiment 1.
Procedure. The procedure was the same as in Experiment 1, with the following exceptions. The subjects gripped the rods in the middle, with forward length equal to backward length (but with the same gripping style shown in Figure 3 ). The 10 configurations with the metal disk attached to different positions were presented randomly to each subject in each block of trials. There were four blocks of trials, making a total of 40 trials. The subjects reported the forward length only, using the length measurer.
Design and Prediction. There was only one independent variable (location of attachment), with 10 levels. It was expected that the perceived forward length would change (decrease) as the metal disk on the backward length was shifted toward the back end.
The means of perceived forward length are listed in Table 2. An ANOVA showed that the location of attachment at the backward segment affected the perceived forward length [F(9,72) = 47.97,p < .0001]. The flXed forward length was perceived as shorter when the metal disk was attached closer to the rear end. When perceived forward length was regressed on static torque, a significant linear relationship that accounted for 99 % of the variance was found (Figure 7) . The results confirmed that the perceived forward length was affected by the distribution of mass of the backward segment. In light of the results obtained, the reporting of ratio in Experiment 1 did not affect the report of length.
In this experiment, W was held constant. Shifting the location of the attached metal disk produced a change in ward length was expected to change without the simultaneous reporting of ratios as the distribution of mass of the backward segment was varied. After reading the results of Experiment 1, M. Turvey (personal communication, August 1992) suggested to me that the reporting of ratio by subjects may affect their judgment oflength. Moreover, he pointed out that in the many experiments he had conducted with a mass attached to a rod, he had not come across results similar to mine. Experiment 2 was conducted in response to his comments. It was expected that, if the effect in Experiment 1 was genuine, such an effect with length variation should be replicable with the mass-attachment variation used by Burton and Turvey (1991) . Only one independent variable was used so that the effect of the distribution of mass of the backward length on perceived forward length would not be masked by other manipulations. A rod with a mass attached to both the forward and the backward length was grasped in the middle. The location of the mass attached to the backward length was varied. The perceived for-
The means of the perceived lengths and the perceived length ratio, Q', are tabulated in .025 for the 50-em rod]. The results showed that in wielding, perceived forward length is affected by the distribution of mass of the backward length. The notion that forward length is perceived by attentionally splitting the moment of inertia was rejected.
It was noted that when a post hoc test (Tukey) was used to check the mean difference in the overall F test as in the case of Burton and Turvey (1990) , only one out of Apparatus. Two hollow aluminum rods (l cm diam), one long (8? cm, 6?8~) and one short (50 cm, 46.7 g), were used, along With a cylIndncal mass (l cm internal diam, 3 cm external diam, 1.~5 cm I~n~, 64.4 g) that was attached to the two rods by tighterung a built-m screw. Both rods were gripped in the middle. There were five configurations for mass attachment: front end, front, no attachment, back, back end. On the short rod, the mass was attached at 18.57 or 0.62 cm from either the front end or the rear end; on the long rod, the mass was attached at 33.87 or 0.62 cm from either end. The same occluding screens and length measurer were used as in Experiment 1.
Proced~. The procedure was the same as in Experiment I, with the followmg exceptions. All rods were grasped in the middle (with the thumb positioned over the first finger so that the wrist acted as the pivot point when wielded, as shown in Figure 3) . The subje~ts were instructed to swing the rods up and down slowly to perceive the lengths. The perceived whole length and the perceived forward length were reported by adjusting the distance of the red marker from the starting edge. The 10 rod configurations were present~ran~ornly in each block of trials. There were eight blocks oftnals, With a total of80 trials. Two types of dependent variables were measured: perceived lengths (forward length and whole length), and perceived length ratio, Q'. Half of the subjects reported perceived lengths in the middle four blocks of trials and Q' in the other blocks; the other half made their repoI1s in the opposite order.
.Design and Prediction. This was a 2 x 5 within-subject design, With two levels of rod length and five levels of configuration, the latter in ordinal scale. The perceived forward length, the perceived whole length, and the perceived length ratio, Q', were recorded. It was expected that perceived forward length would be shorter when a mass was attached to the backward length. Moreover, contrary to the claim of Solomon et al. (1989) , moment of inertia, I, is not sensitive to whether the forward length or the backward length is longer, and thus I should not be useful in partial-length judgment. It was expected that the perceived length ratio and the forward length would be correlated with the static torque of the rod, while only the perceived whole length would be correlated with the moment of inertia of the rod. 
EXPERIMENT 3 Perception of Partial-Rod Lengths by Wielding
The argument that the perception of partial-rod lengths cannot be a result of attentionally splitting the first moment can be extended to the moment of inertia in the wielding of a rod. Solomon and Turvey (1988) showed that moment of inertia is the predictor of the perceived length of a wielded rod. This has been supported in other research (e.g., Chan & Turvey, 1991 ). Yet Solomon et al. (1989) further claimed that the moment of inertia of the forward portion of the rod can be detected separately from that of the rest of the rod. They managed to show that with. the forward length of the rods kept constant, the pereptIon of the forward length was unchanged irrespectIve of the variation of distribution of mass at the backward part of the rods. Such splitting up of the moment of inertia is impossible because, as with the case of N s whe~a~od i.s held stationary, the resultant inertial torque, Ni, m wleldmg a rod cannot be decomposed, nor can the moment of inertia, I, of the whole rod. Only the I of the whole ro? can be deteCted as a function ofNi and angular acceleratIOn, w. The I of a partial-rod length cannot be detected.
In this experiment, as in the study of Solomon et al. (1989) , the subjects judged the length of an occluded rod by wielding it. A mass was sometimes attached to the forward or the backward length of the rod. It was expected that when the mass was added to the backward length the perceived forward length would be shortened. '
forc: structure at the wrist similar to that produced by holdmg the rod at different positions. The perceived forward length was nearly perfectly predicted by the static torque, Ns , of the whole rod (R 2 = .99).
Method
Subjects. Eight undergraduates in an introductory psychology course at the Chinese University of Hong Kong participated in partial fulfillment of a course requirement. Figure 8 . The perceived forward length can be obtained by dividing the perceived whole length by the perceived length ratio, Q' (Experiment 3). regressed on I, R 2 was greater than .8 only for the perceived whole length. These results suggest that the whole length is specified by I, whereas partial length and Q' are specified by Ns. This is exactly as expected, because I is not sensitive to the differential lengths of the forward and backward segments, whereas N s is.
Pagano, Kinsella-Shaw, Cassidy, and Turvey (1994) showed that the location of grip is also revealed by an off-diagonal component of the inertia tensor. Perhaps both the static force structures (in terms of static torque and the ratio of DIU) and the off-diagonal component of inertia tensor can specify the grip location. Yet because of the illusory shrinking of the perceived forward length as shown, the specification of grip location should not be very accurate.
GENERAL DISCUSSION

Perception of Partial Length
Three experiments were conducted that were similar to previous studies on perception of partial-rod length (Solomon et al. 1989; Burton & Turvey, 1990) , but with slight modifications. In Experiment 1, instead of using mass attachment to simulate different rod lengths, the backward length itself was actually varied. In all the experiments, the distribution of mass of the forward length was held constant. When a mass was attached to the forward length (Experiment 3), data from such trials were excluded from the analysis. Such trials were unrelated to the testing of the hypothesis that perceived forward length is affected by the distribution of mass of the backward length. It was also found that if such trials were included and a post hoc test was used for mean comparisons, the error term would be very large, while the critical value for each comparison would be reduced tremendously, rendering significance difficult to reach. This is speculated to be the main reason why the effect of the distribution of mass of the backward length on perceived forward length was not found in the previous studies. The results of the present research showed that when a cylindrical four comparisons was significant. When the mass was added to the forward length, reported forward length was longer and the variance in this configuration was larger.
In an overall F test, the variance in all configurations is included in the error term. Moreover, to compensate for the large number of unnecessary comparisons, the adjusted critical value for each comparison is reduced tremendously. As a result, it is very difficult to show any significant difference. This could be the main reason why no difference was found by either Solomon et al. (1989) or Burton and Turvey (1991) . Calculated forward length (perceived whole lengthIQ'), when regressed on perceived forward length (Figure 8 ), showed a high correlation (R2 = .97). This indicated that forward length can be perceived in relation to the perceived whole length and the perceived length ratio, Q'. To check what dynamic variables specify Q', the perceived forward length, and the perceived whole length, these three length estimates were regressed on Ns and I (Figures 9 and 10 ). When regressed on N s , R 2 was close to .8 only for the perceived forward length and Q'. When mained unchanged, as in Experiment 2, static torque explained 99% of the variance in the perceived forward length. When variation of weight was large, as in Experiment 3, static torque only explained 79% of the variance of the perceived forward length.
The Notion of an Invariant
Though perception of forward length is shown to be illusory, it is still useful to examine how the judgment is made when a subject is asked to make partial-length judgment of a rod held stationary or wielded. Perception has been shown to be a result of the detection of an invariant (something that is unchanged through the covariation of a number of variables; Gibson, 1979; Turvey & Carello, 1986) . Can the results of partial perception of rod length in this research be explained in terms of invariant detection? Gibson (1979) described four kinds of invariants which can be grouped into two categories. There seem to be three different emphases in defining invariants. The first emphasis is on the perceivable structure in the optic array_ In this regard, Gibson (1979, p. 311) defined an invariant as "a common structure" in "the sampling of the ambient optic array," or as "certain non-disturbances of optical structure." An example of the latter would be the preserved structure of a ball while it is rolling. The second emphasis is on the relationship between variables_ Gibson (1979, p. 301 ) illustrated this by the constant "intensity ratio" under changing illumination, and by the constant "horizon-ratios" with changing points of observation. The invariant shows the underlying relationship of the variables. It is a function of the variables. Later work has shown many such examples; perception of time-tocontact, for instance, is a ratio of the size of a retinal image of an object to the rate of change of the size (Wagner, 1982) . Moreover, the function may contain a number of variables. Bingham, Schmidt, and Rosenblum (1989) showed that the invariant to specify throwability of a stone depends on the size and weight. The third emphasis appeared in recent research on perception of rod length, in which invariants are regarded as the properties of the rod: the first moment in the case of holding the rod stationary and the moment of inertia in the case of wielding it (Burton & Turvey, 1991; Carello et al., 1992; Solomon & Turvey, 1988; Solomon et al., 1989) . The property can even be split up by attention. In this regard, the distal stimulus is emphasized. Of these three different emphases of invariants, the results of the present research seem to be most compatible with the notion of invariants as functions.
In this research, it was found that static torque may specify whole length, forward length, or perceiVed length ratio depending on the functions f, h, and k in Equations 1 to 3 that map the same variable, static torque, into different perceived properties. Moreover, a number of variables may enter into the functions yielding length judgments; in the case of holding a rod stationary, such variables are static torque and weight; when the rod is wielded, the variables are static torque, weight, inertial torque, and angular acceleration in the haptic array. rod is gripped at a position intermediate between its two ends, irrespective of whether it is held stationary or wielded, the perceived forward length is affected by the distribution of mass of the backward length. This shows that forward length is not perceived by the attentional splitting of a mechanical property of the rod (the first moment or the moment of inertia). Furthermore, the results showed that it is the resultant force structure acting on the hand that specifies the forward length of a rod. When the distribution of mass of the forward length is greater than that of the backward length, the resultant force structure is similar to that of holding a rod at its rear end. Thus, the perceived forward length is long. When the distribution of mass of the backward length is made greater by lengthening it or by attaching a mass to the backward length, the resultant force structure is similar to that of holding a rod at the front end, so the perceived forward length is short.
In comparing results in the three experiments, variation of weight was found to reduce the effect of static torque on the perceived forward length. When weight re-Although it is beyond the scope of this research to give a more detailed description of these functions, their role is certain: The functions combine a limited number of variables in various ways to form a large number of perceptions.
Moreover, the results of this research support multiple specifications: There is more than one function of variables that specifies each perceived property (Michaels & Oudejans, 1992 a, b, c, d , e, r, and u are coefficients and constants. In solving simultaneous equations, it is well known that in order to produce a unique solution, the number of independent equations must be equal to the number of unknowns. When the number of independent equations is fewer than the number of unknowns, more than one solution is possible. The number of possible solutions can only be reduced by having more independent equations. In this research, perceived forward length is found to be specified by static torque and also by perceived whole length divided by perceived length ratio, Q'.
It is speculated that such use of multiple specifications reduces the number of possible solutions. In haptic research, it is a commonplace phenomenon that subjects cannot give a specific estimation. Many alternative estimations appear likely. Although order of rod length is preserved in subjects' responses, the exact magnitude is seldom produced. Such variability and inaccuracy must be taken into consideration if such haptic judgment of rod length is to be regarded as perception at all. This can be explained very well if multiple functions are allowed. On the other hand, if perception is regarded as the result of isomorphic mapping between unique invariants and perceived properties, such variation and inaccuracy should never occur.
Attention
G. Bingham (personal communication, March 1993 ) raised an important question concerning the ontological status of these functions: Where should the functions be understood to reside? Are these functions neural things, task-determined things, or physical things? Although a clear description of the ontological status of these functions is beyond the scope of this research, the results suggested that functions may be a combination of all these things. Functions may involve physical properties such as the moment of inertia that specifies the relationship between inertial torque Ni and angular acceleration win the haptic array. Functions may be task specific, so that holding the rod stationary will produce different variables and functions than would wielding the rod up and down. Functions should also involve neural elements that are part and parcel of any perceptual modality. Certainly, the intentional and attentional conditions of a person affect the functions. This effect may be considered to be achieved through the changing of the neural organization. Such consideration is especially important when different segments of the rod can be perceived without any movement. When there is movement, one may argue that functions are taskdetermined things. When there is no movement, forces applied to the hand, and thus the muscular reactions, are held constant and can be completely determined by the laws of statics. Perception of different properties can only be achieved through a change in neural organization.
Moreover, the study of covert attention (Inhoff, Pollatsek, Posner, & Rayner, 1989; Posner, 1988; Posner, Walker, Friedrich, & Rafal, 1987) shows that different sources of visual information can be attuned to, even without the shift of the eye. Covert attention is certainly relevant in the perception of different parts of a rod held stationary. Burton and Turvey (1991) tried to explain this selectivity with covert partitioning based on the study of overlapping displays (Neisser & Becklen, 1975) . Such partitioning was thought to be the splitting of the first moment. With invariants taken as functions, attentional shift can be regarded as a change of the functions. Such functions, which are dependent on the physical properties of the perceived object and the exploratory movement of the perceiver, are also determined by the organization of the neural substrate. The organized network in the brain, together with the input and output modalities, forms an expert system specific to a certain perceptual task such as walking, talking, or drawing. Such speculation is compatible with the notion of self-assembly and smart mechanisms in the organization of human behavior (Kugler & Turvey, 1987; Runeson, 1977) . It also agrees with Posner's proposal (Posner, 1988; Posner & Cohen, 1984; Posner, Cohen, & Rafal, 1982) that attention involves the orchestration of multiple elementary operations, each of which is localized to a specific brain area. In carrying out a new task, the brain has to disengage from a previous organization and engage in a new one. The parietal lobe, the midbrain, and the frontal lobe have been identified as the centers for disengagement, attentional shift, and maintenance of attention. Attention, therefore, alters the neural organization that forms expert systems to process the same stimulation input in different ways. Each of the organizations would be compatible with one or more of the functions such as j, g, and h in Equations 1 to 3.
